The Wangying-Liujia depression in the Fuxin basin covers a 20 km 2 area and has abundant coalbed methane resource with in-place gas resource 51.81 × 10 8 m 3 . Compared with the basins where coalbed methane (CBM) development is successful, the recoverable potential of CBM is evaluated in the investigated district. In the Lower Cretaceous Fuxin Formation, the coal seams are thick (averagely 35.21 m -42.96 m), the coal adsorption capacity is comparatively high with about 18~34 m 3 /t, and the gas content is relatively high (8 m 3 /t -10 m 3 /t). Vertical lithological sealing, lateral fault sealing and hydrodynamics are favorable for the preservation of CBM. Thermogenic gas generated at the end of early Cretaceous and Himalayan Orogeny is the main gas source. Secondary biogenic gas generated from the end of the Cretaceous to now increases gas content. All these provide resource basis for CBM development, and the recoverable resources is 15.543 × 10 8 m 3
INTRODUCTION
During the last three decades, coalbed methane has been explored and developed in many basins worldwide and the method and theoretical system for the assessment of coalbed methane recoverability has been founded (Zhang et al., 2009; Ding et al., 2011 ;
METHODS
The data involved in this paper, such as the thickness of coal seams, coal rank, the composition of coalbed methane, coalbed methane content, hydrogeology, and other data, were collected from 21 exploratory drillings for coal and 1 exploratory drilling for coalbed methane. The materials of tectonic and depositional setting were provided by No.107 Prospecting Team of Geological Bureau of Northeast Coalfield.
Based on gas contents from the measured data of well LJ-1 and collected data 21 of drillings for coal, the coalbed methane resources are calculated. Coalbed methane content is determined by the US Bureau of Mines (USBM) Method.
The carbon isotopic composition of methane from 9 samples was determined on a Delta S isotopic mass spectrometer (Thermo Fischer Scientific) equipped with an Agilent 6890 N GC at the Research Institute of Petroleum Exploration and Development-Langfang (RIPED-Langfang), PetroChina. The inlet temperature was set 150°, the temperature of oxidation oven was 950°. The gas chromatograph temperature was held at 30°for 5 min, and rose from 30°to 80°at 8°/min, then from 80°to 170°at 5°/min, and finally from 170°to 270°at 6°/min.
GEOLOGICAL CHARACTERISTICS OF COALBED METHANE

Tectonic and structural setting
In the Middle of Liaoning Province, China, the Fuxin basin is bounded by the Erlang Mountain in the north, the Yiwulu Mountain in the east, the Xiaoshongling Mountain in the west, and the Daling River in the south. It is an interior basin of the Lower Mesozoic (J 3 -K 1 ). The basin is a long and narrow with striking NNE and composed of many depressions. The investigated district is the Wangying-Liujia depression in the middle part of the Fuxin basin (Fig. 1) .
The investigated district is a syncline complex with striking NE-SW. The main faults are the Pingan F 2 fault, Pingxi F 2 fault, F 8 fault, and Liujia F 2 fault (Fig. 1) . The Pingan F 2 fault strikes N325°W, trends SW with the dip of 70°-75°. The fall of the fault is 200 m-210 m in the northwest and gradually diminishes toward southwest with 50 m-30 m. The fault separates the depression into Wangying district and Liujia district. The Pingxi F 2 fault strikes N340°W, trends SW with the dip of 66°. The fall of the fault is 100 m-200 m. The Pingxi F 2 fault is the west boundary of Wangying-Liujia depression. The Pingan F 2 fault and Pingxi F 2 fault all are compressive normal faults. The F 8 fault is in the south part of the Wangying district strikes N30°W and about N15°W after extending 400 m toward north. The fault fall is 0-68 m. The Liujia F 2 fault is a normal fault striking NNE and trending NW with the dip of 70°. The fall of fault is 20 m-55 m and extends 2100 m.
Depositional setting and coal distribution
The Fuxin basin was formed during the process of lacustrine transgression in the Late Jurassic. The main coal bearing sequence is the upper segment of the Lower Cretaceous Fuxin Formation formed under a background of lacustrine regression. The peat swamp developed widely under the lacustrine delta plain. The Fuxin Formation contains three coal members from lower to upper, which are the Taiping Member, the Middle Member, and the Sunben Member (Fig. 2) . The maximum coal thickness can reach 38.24 m in the Taiping Member. The thickness of main coal seams gradually increases from margin to center of Wangying-Liujia depression. Multi-coal seams and thick coal seams are the main characteristics ( Fig. 2 and 3 ). The total coal thickness is 1 m-96.07 m and the average is 35.21 m in Wangying sub-depression and 42.96 m in Liujia sub-depression. The burial depth of coal seams is generally 300 m-900 m.
Coal rank and origin of coalbed methane
Vitrinite reflectance of coal ranges generally between 0.5%-0.75% in WangyingLiujia depression except the coal near the dike (Fig. 4) . Coal rank distribution is controlled by burial and thermal history. At the end of Early Cretaceous, the burial depth of coal seams in the Fuxin Formation reached its maximum value. During this stage, coal seams were maturated under normal paleo-geothermal gradient with 2.51°C/100 m-3.0°C/100 m and the vitrinite reflectance reached 0.75%. There was a transitory uplifting and erosion during the late stage of Early Cretaceous, which has weak influence on coal maturation and gas generation. The subsidence in the Cenozoic did not cause the thermal maturity of coal seams in the Fuxin Formation to be markedly increased (Fig. 4) . The Himalayan Orogeny resulted in the whole uplift of The Sunjiawan formation is composed of gravelstone, glutenite, sandstone and mudstone Figure 2 . Generalized stratigraphic characteristics of the Wangying-Liujia depression. the investigated district with a great deal of magma intrusion. Many dikes and sills formed. The intrusion of magma brought local coal seams abnormal thermal evolution, and the paleo-geothermal gradient exceeded 3.93°C/100 m (Liu et al., 1992) . Coal rank locally increased. In the contacted zone of dikes or sills with coal seams, the vitrinite reflectance may be more than 4%, but the zone is narrow, generally only several centimeters to several meters. The intrusion of magma during Himalayan Orogeny resulted in contact metamorphism and local coal rank increased. The hydrocarbons were generated again. Based on thermal evolution, coalbed methane composition and the δ 13 C value of methane (−36‰-−62‰), the origin of coalbed methane in the Wangying-Liujia reservoir is very complex, including secondary biogenic gas and migrated thermogenic gas that underwent desorption, diffusion, migration, fractionation, and reaccumulation (Fig. 5) . The rare noble gases and carbon dioxide are inorganic origin (Meng, 2003) . It was the main period of gas generation at the end of early Cretaceous and Himalayan Orogeny. The existence of thermogenic gas can be confirmed by the high methane carbon isotope (Fig. 5) . Except for thermogenic gas, biogenic gas generated by archaebacteria introduced by meteoric waters is very important for coalbed methane exploration and development (Flores, 2008; Kotarba et al., 2009; Kędzior, 2011) . This has been proven by many examples of CBM development, such as the San Juan basin Ayers, 1996; 2002) , the Powder River basin (Ayers, 2002) , the Michigan basin (Martini et al., 1996) , Elk Calley coalfield (Aravena et al., 2003) , and the Upper Silessian coal basin (Kotarba, 2009; Kędzior, 2011) . The geothermal is generally 30°C-60°C at the shallow depth of 1500 m in investigated district, suited for the archaebacteria survival (the surviving temperature is 0-75°C) (Flores, 2008) . The sulfate content in coal bed water is 150 mg/L -300 mg/L, and (HCO 3 − + CO 3 2− ) content is 1500 mg/L -2400 mg/L, indicated coal bed is in the bottom of sulfate reduction zone, and close to the carbonate reduction zones. The total dissolved solids content of groundwater is 2300 mg/L-3500 mg/L. The salinity condition is appropriate for methane bacteria growth. The Vitrinite reflectance (0.5% -0.75%) is favorable for microbial gas in investigated district. The analysis to CBM composition shows that it is typical of dry gas (see Sections 3.4.1). The methane carbon isotope distributes from −62‰ to −35‰. The generation of coalbed methane is thermogenic and biogenic (Fig. 5 ). The uplift stage was the main period when secondary biogenic gas generated from the end of the Cretaceous to now. This shows the thermogenic gas that generated in the Yanshan Orogeny is dominant, and secondary biogenic gas are main supplement to coalbed methane resource in Wangying-Liujia coalbed methane reservoir.
Coalbed methane content and sealing condition
Coalbed methane content
Coalbed methane composition in Wangying-Liujia depression can be divided into three zones: air altered zone where methane percentage share is less than 80 %, and nitrogen and carbon dioxide is higher; transition zone where methane percentage share is more than 80%, less than 97%, and air is also interfused; and original methane zone where methane percentage share is more than 97% without interfusion of air. Now, the coalbed methane exploration and development mainly is below the air altered zone, about 600 m-900 m. The molecular compositions of coalbed methane from the LiujiaWangying depression are dominated by methane, ranging from 87.58% to 94.41% of the total gas and averaging 94.19%. Ethane accounts for 0.02%-2.2% with an average value of 0.65%. The proportion of non-hydrocarbon gases is very low, with carbon dioxide of less than 2% and nitrogen ranging from 0.18% to 6.75%. The gas dryness index is generally more than 0.97. Coalbed methane content is generally 8m /t in Taiping coal member (Fig. 6 ). The inplace gas resource strength is 0. (Table 1) The typical adsorption isotherm is show in Figure 8 . The gas saturation can be obtained by sorption capacity of coal and its present day methane content. The coalbed methane saturation ranges from 80% to 102% in the study area. The gas saturation is the lowest in Sunben coal member with undersaturation degree. This undersaturation is probably the result of basin uplift that led to gas degasification (Hildenbrand et al., 2006) . In the deeper middle member and Taiping member, coal seams are fully methane saturated; even the middle coal member is oversaturation. This may reflect the generation of secondary biogenic gas since the end of the Cretaceous (Kędzior, 2011) . Reservoir pressure gradient testing from well LJ-1 is 9.071 kPa/m for the Sunben coal seams, 8.214 kPa/m for the Middle coal seams, less than normal value 9.8~10.5 kPa/m, and 9.768 kPa/m for the Taiping coal seam. Therefore, the Wangying-Liujia coalbed methane reservoir is under pressure and normal pressure.
Sealing condition
(1) Vertical lithological sealing The depositional setting results in the heterogeneous rock layers and the regional mudstone overlying strata are rare. Only the mudstone and siltstone with 5 m-70 m thick in the Middle and Upper Fuxin Formation extends continuously. This layer is helpful to the preservation of coalbed methane. The sealing layers under the coal seams are mudstone and siltstone with 250 m-450 m in the Upper Shahai Formation (Fig. 2) .
(2) Lateral fault sealing The fault sealing capacity is an important factor controlling coalbed methane preservation. The main faults in the depression include the Pingan F 2 fault, F 8 fault, the Pingxi F 2 fault, and the Liujia F 2 fault. Currently, The Liujia F 2 and F 8 faults are tensional faults, while the Pingan F 2 and Pingxi F 2 fault are compressional faults (Zhao et al., 1999) . According to the observation from coalmine and field, the four faults are all available for coalbed methane preservation.
The Pingan F 2 and Pingxi F 2 faults are growing tensional faults formed under left slip compressional stress field with NNW-SSE in the Early Cretaceous (Zhao et al., 1999) . The tectonic stress field converted into W-E from the Late Cretaceous to present. Therefore, the two faults are transformed from tensional open faults to compressional sealing faults. Another sealing mechanism of the two faults is the cataclasis and diagenetic cementation in the fault belt. The fault belts are filled with mylonite, fault gouge, and strongly cemented breccia. The fault gouge with 0.1 m-0.2 m thick along the plan of Pingan F 2 fault was observed from coalmine. The sealing mechanism of F 8 and the Liujia F 2 faults is different from the Piangan F 2 and Pingxi F 2 , because the two faults are tensional open faults. The sealing capacity of F 8 and Liujia F 2 faults is mainly controlled by clay smear, which is also available for the Pingan F 2 and Pingxi F 2 faults. There are many indexes to express clay smear effect, such as shale gouge ration (SGR), clay smear potential (CSP), longitudinal sealing coefficient (R), and lateral sealing coefficient (F) (Yielding et al., 1997; Liu et al.,1998c; Bouvier et al., 1989) , of which:
The calculation method of SGR and CSP is shown in Figure 9 . Because numerous coal beds may contribute to the fine-grained fault gouge (Yielding, 1997) , coal thickness is considered during the process of SCR and CSP calculation. Jev et al. (1993) calibrated a CSP of less than 15 as nonsealing and a CSP of more than 30 as sealing for faults bounding in the Akaso field (in the Niger Delta). Yielding et al. (1997) the SGR, the better is the sealing of fault (Yielding, 1997) . Coal is less efficient than smeared clay (Yielding, 1997) , therefore, the calibration of CSP is 20 and 30, SGR is 30 and 50 against high sealing, medium sealing and no sealing faults. The shale gouge ration (SGR) and clay smear potential (CSP) of the Pingan F 2 and Liujia F 2 faults are calculated. The location of SGR and CSP calculation is shown in Figures 10 and 11 . CSP is more than 30, and SGR is more than 50 in Liujia F2 fault, 488 
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Elevation ( which shows that clay smear is favorable for fault sealing ( Table 2 ). The Pingan F2 fault is medium sealing in Sunben coal member and the lower Taiping coal member, and nonsealing in Middle coal member and the upper Taiping coal member. This is probably resulted in Cokeite formation because of the invadation of dike.
(3) The effect of dike There exist a series of doleritic dike striking NNE or EW in the depression. The formation of doleritic dike results in not only coal metamorphism and coalbed methane generation, but also the permeability alteration. Cokeite, high coal rank coal with low permeability, fractured coal with high permeability, and normal coal are orderly distributed along the two side of dike (Fig. 12) . The well developed cleavage and high porosity in cokeite is not only favorable for coalbed methane accumulation, but also for escape. Otherwise, the joints in dike are also the pathway for fluid. Coalbed methane can migrate into the atmosphere along the fractures. It is necessary for coalbed preservation that the dike is aquiferous. The hydrostatic pressure prevents coalbed methane from escaping.
Permeability
Coal porosity in the investigated district is normal to low with average value of 4.7%. The porosity is less contribution to permeability. The permeability from well test is 0.323 × 10 −3 µm 2 -0.469 × 10 −3 µm 2 . Cleats and fractures are crucial factors controlling permeability. The strike of face cleats is 52 o , and that of butt cleats is 142 o . The frequency of cleats is 8 sets/5cm-15 sets/5cm in the normal coal and more than 30 sets/5cm in the fractured coal (Fig. 12) . o -350 o formed under the palaeotectonic stress field during the Early Cretaceous and accounts for 30% of all fractures. The tectonic stress field is converted to compressional in the Cenozoic, which has an effect to open degree on fractures and is adverse to migration of coalbed methane. As mentioned above, coal permeability is altered by the intrusion of dike (Fig. 12) .
Hydrodynamics
The main aquifers in the Fuxin Formation are conglomerate, sandstone, coal reservoir, and dike. Because the aquifers and the aquifuges are inhomogeneity, the hydrodynamic connection among these aquifers is very weak. The groundwater recharges from outcrop and migrates to the deep part of the depression, which is the optimal area for coalbed methane accumulation (Fig. 11) . The sealing Pingan F 2 fault divides the depression into two sub-depressions, which are the Wangying and Liujia sub-depressions (Figs. 1 and 11) . Wangying sub-depression is heavily influenced by coal mining. Coalbed methane in reservoir of the Liujia sub-depression is the favorable for coalbed methane development.
RECOVERABLE POTENIAL
During the process of coalbed methane development, it is necessary to dewater (depressurize) the coal bed to allow desorption and gas production. The desorbed gas from coal matrix diffuses to adjacent cleat and moves by Darcy flow (two phase flow where water is present) to the wellbore (Ayers, 2002) . The coalbed methane production is effected by geological conditions and development technology. The effects of geological conditions on coalbed methane recoverable potential can be attributed to two aspects: one is "whether there is coalbed methane or not", the other is "whether coalbed methane can be developed or not". "Whether there is coalbed methane or not" actually is the problem of resources. CBM resources/resource strength is the basis for development of coalbed methane. It is necessary to CBM development that there are a certain CBM resources and high resource strength in a region. CBM resource is controlled by coal thickness, coalbed methane content and the preserving conditions of coalbed methane. The higher coalbed methane content is, the more coal seams are, the greater coal thickness is, and the better the preserving is, the better the recoverability of coal-bed methane is. San Juan basin, in which coal thickness is 9 m-20 m (the biggest is 33 m), coalbed methane content is 2.83 m 3 -14.16 m 3 , and CBM resources is 1.22 × 10 12 m 3 −1.39 × 10 12 m 3 , is one of main coalbed methane development fields in the world (Ayers, 1994; 1996; 2002; 2002) (Table 3 ). The southeast of Qinshui basin, where coal thickness (5 m-15 m) is less than San Juan basin, but coalbed methane content is higher than San Juan basin, CBM resources is abundant, has been the first industrialization area of CBM development in China (Qin, 2001a; Su, 2005a; 2005b) (Table 3 ). The coalbed methane content is relatively low, generally 0.78 m 3 /t − 1.6 m 3 /t, and highest less than 4 m 3 /t in Powder River basin. The thickness of coal seams make up for the deficiency of coalbed methane content, and is generally 15 m-107 m (Table 3) (Ayers, 2002) . During the process of CBM development, secondary biogenic may resaturate the coal, thus increasing the gas content and requiring less depressurization (Gorody et al., 1999; Ayers, 2002) . The Powder River basin is the CBM development model of coal-bearing basin with low coal rank.
As mentioned previously, coalbed methane content is relatively high (8 m 3 /t -10 m 3 /t), coal seam is thick (averagely 35.21 m-42.96 m), and in-place gas resource strength is abundant (0.5 × 10 8 m 3 /km 2 -8 × 10 8 m 3 /km 2 ) in investigated district. Compared with the successful development basin, such as the San Juan basin, Qinshui basin and Powder River basin, CBM resources are favorable for the CBM development. It is beneficial for biological gas generation in Wangying-Liujia depression. There may be still a lot of biological gas generation during the process of CBM development, as well as Powder River basin, which increases the coal bed methane content. Based on present CBM development technology, it is predicted that CBM recovery ratio is about 30% in investigated area . The recoverable resources is 15.543 × 10 8 m 3 . "Whether coalbed methane can be developed or not" mainly is the problem of "whether pass way of coalbed methane migration exist or not" and "whether coalbed methane can flow to the wellbore along the pass way or not", which is the reflection of coal reservoir permeability and energy system. The better the permeability is, the better the recoverability is. Compared with some basins in US, such as San Juan basin, Powder River basin, the reservoir permeability is relatively lower in China (Table 3 ) (Ayers, 1994; 1996; 2002; 2002; Qin, 2001a; Su, 2005a) . The permeability is only 0.323 md-0.469 md in Wangying-Liujia depression, which is unfavorable for coalbed methane development. But the dike intrusion enhances the coalbed methane reservoir permeability by the fractured coal. At present, most of coal reservoirs were fractured before coalbed methane was extracted. The structure of coal , 1996 , 2002 **Data obtained from Gorody et al., 1999; Ayers, 2002 ***Data obtained from Su et al., 2005a Su et al., , 2005b body is relatively integrated (mainly massive) in Wangying-Liujia depression (Chen, 2003) . The coal seams can be fractured to increase the permeability. After fracturing, reservoir permeability is obviously improved, which is made known by gas production. Gas production can be up to 3000 m 3 /d in well LJ-1, and 3500 m 3 /d in well LJ-2. That is to say, the permeability is relatively low in investigated area, but it can be improved by fracturing, which provide pass way for coalbed methane migration and output.
Coal reservoir energy systems include gas saturation, reservoir pressure, coal adsorption, hydrodynamic conditions, the burial depth of coal seam, etc.
Gas saturation reflects the degree of coalbed methane filling coal pores in some extent. Gas saturation decides how much pressure need be decreased to make coalbed methane desorbed from coal matrix, which is the comprehensive reflection of energy system. Gas saturation is controlled by coalbed methane content, the reservoir pressure, Langmium volume and Langmiur pressure. Gas-saturated coal yields gas upon initial production (Ayers, 2002) . The coal reservoir pressure is the embodiment of formation energy. It is more favorable for coalbed methane development in the area with higher reservoir pressure. There exists overpressure reservoir in many CBM development areas such as the Fruitland formation of San Juan basin, the Williams Fork formation of Piceance basin and Sandwash basin (Ayers, 1996; 2002; Scott, 2002) . The gas saturation in Wangying-Liujia depression is saturated and oversaturated. The gas saturation is 80%-102%, which is helpful for the development of coalbed methane. Reservoir pressure is underpressure and normal pressure. According to the isotherm adsorption experiment, the critical desorption pressure is 5 MPa in Sunben member, 5.8 MPa in Middle member and 6.6 MPa in Taiping member respectively. Although reservoir pressure is relatively low, the ratio of critical pressure to reservoir pressure is high (respectively 0.74, 0.85 and 0.8 in three coal members). This indicates that a little pressure need be decreased to make coalbed methane desorbed from coal matrix and achieve the purpose of the coalbed methane development.
On one hand, the hydrodynamic conditions affect the preservation of the coalbed methane. The coalbed methane content is generally low in the recharged area and transmission area because the long-term activity of groundwater leads to gas dissolved and took away. The groundwater and coalbed methane migrate to the stagnant area, and the preservation of coalbed methane in stagnant area becomes the favorable for coalbed methane accumulation. On the other hand, the hydrodynamic conditions affect reservoir pressure (Kaiser, 1991; Scott, 2002) . For example, the groundwater recharges from the north coal-bearing outcrop and migrates to deep part of basin, causes the reservoir pressure increased in San Juan basin (Ayers, 2002) . Generally, the stagnant area is favorable area for CBM development. In WangyingLiujia depression, groundwater recharges from outcrop and migrates to the deep part of depression that is the stagnant area. It is helpful for CBM development. Especially, the area limited by Piangan F2 fault, Liujia F2 and β 5-2 dike is the focus area of CBM development now.
The buried depth of coal seams has also effect on CBM development. The greater the burial depth is, the more adverse it is for CBM development. With the increase of burial depth of coal seams, the cost of drilling, fracturing and production increases, dewater and depressure is difficult. The burial depth of developed coal seam is generally shallower than 1200 m in most successful areas of coalbed methane development. The depth is 500 m-1200 m in San Juan basin and Black warrior basin, 70 m-760 m in Powder River basin (Pashin, 1991; 1998; Ayers, 2002; Pitman et al., 2003) , 400 m-900 m in Qinshui basin (Su et al., 2005a) . The burial depth of coal seams generally is 300 m-900 m in investigated district, and is favorable for CBM development compared with above basin.
By the analysis of coalbed methane resource (including coal thickness, coalbed methane content etc.), reservoir permeability, coal reservoir energy system (including the burial depth of coal seam, gas saturation, the ratio of critical pressure to reservoir pressure, hydrodynamic conditions etc), it is indicated that there are preferable recoverable potential in Wangying-Liujia depression, and that can be initially proved by the previous coalbed methane development.
CONCLUSIONS
(1) Vitrinite reflectance of coal ranges between 0.5%-0.75% in Wangying-Liujia depression and 4.0% near dikes. The main coal seams began to maturation and hydrocarbon generation in the end of the Early Cretaceous. The incursion of magma during Himalayan Orogeny resulted in contacted metamorphism and local coal rank increased. Coalbed methane is thermogenic gas and secondary biogenic gas. Secondary biological gas generated in favorable groundwater area may resaturate the coal, thus increasing the gas content. Favorable CBM resources provides material basis for development of coalbed methane. (4) Though coal reservoir permeability is low, coal can be fractured to improve permeability, which is helpful for gas production. (5) Gas saturation is high, the reservoir pressure is nearly normal pressure, the adsorption capacity is relatively high, the ratio of critical pressure to reservoir pressure is high, and the burial depth of coal seam is 300 m-900 m. All these are favorable for coalbed methane development compared to the successful areas of CBM development worldwide. There are preferable recoverable potential in Wangying-Liujia depression.
